A lthough multiple cellular mechanisms have been proposed to explain endocrine resistance in breast cancer, the genomics events promoting the dysregulation of gene expression pattern are not clearly understood. Because chromatin plays a dynamic role in the estrogen receptor α (ERα) transcriptional program, we herein review signaling pathways implicated in endocrine resistance and try to merge them with recent epigenetic studies.
Breast Cancer and Development of Anti-Estrogen Resistance
Estrogens, in particular 17β-estradiol (E2), regulate many essential physiological processes but also play an important role in the development and progression of hormone-dependent breast cancer. The functions of these hormones are mainly mediated by the nuclear receptors ERα and ERβ, which act as ligand-dependent transcription factors. 1, 2 ERβ function in breast cancer is not clearly understood but seems to be associated with good prognosis because of its antiproliferative properties. In contrast, the role of ERα in promoting proliferation of breast cancer cells is well characterized and will be the main focus of this review.
Approximately 70% of breast cancers are classified as ERα-positive breast cancers. ERα expression is a crucial determinant for the patients to be able to benefit from anti-estrogen (AE) therapies. Tamoxifen (TAM) and fulvestrant/ ICI182780 (ICI) are the mainstay AE therapies for ER-positive breast cancers and have different mechanisms of action.
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Tamoxifen competes with E2 binding on the ERα and induces conformational changes leading to inactivation and stabilization of the receptor. ICI is indicated for late stage or metastasized breast cancer during or after anti-estrogen initial treatment or in relapse. ICI inhibits ERα DNA binding, inducing its degradation in a proteasomal dependent pathway. 1, 3 Despite the fact that these therapies allow a significant decrease of breast cancer mortality, a large number of patients fail to respond to initial therapy (de novo resistance) or develop resistance after prolonged treatment (acquired resistance) that limit the usefulness of theses drugs. [4] [5] [6] AE-resistant breast cancers present an E2-independent proliferation characterized notably by a dysregulation of the cell cycle and apoptotic gene expression program. Several molecular mechanisms have been proposed to explain this phenomenon, especially in the more documented case of resistance to tamoxifen that we discuss below.
Molecular Mechanisms and Signaling Pathways Associated with AE-Resistance
Different molecular mechanisms have been proposed to elucidate resistance to endocrine therapy. Polymorphism of CYP2D6, a member of the cytochrome P450 family which converts tamoxifen in its active metabolites, results in alleles with different levels of activity of this enzyme and consequently a poor tamoxifen-response. 7 Because ERα is a predictive marker for endocrine responses, loss of its expression could partly explain recurrence free survival in breast cancer patients. Depletion of MED1 expression in a TAM-resistant cell model restored TAM sensitivity, allowing the inhibition of proliferation and a decrease of ERα target genes such as EBAG9 and TFF1. Overexpression and increased phosphorylation of AIB1 (amplified in breast cancer 1; also called NCOA3 or SRC3) have been observed in breast cancer and leads to constitutive ERα-mediated transcription. 21 This coactivator competes with the paired box 2 gene product (PAX2), a mediator of ERα-dependent repression of HER2 by tamoxifen. Consequently, loss of PAX2 allows HER2 transcription and activation of this pathway, resulting in alteration of the tamoxifen response and is associated with a poor outcome. 22 Overall, mechanisms of AE-resistance often involve modifications of transcription factors and coregulators expression and activity, resulting in altered gene expression. AE-resistance can also stem from upstream signaling events, where increased expression and/or activation of transduction signal pathways driving cell cycle and cell survival remodels transcriptional programs.
Aberrant expression of ERα target genes is often associated with AE-resistance. E2 act on cell proliferation via genomic and nongenomic pathways by increasing expression of cell cycle regulators and in particular cyclin D1, an important protein involved in G 1 /S phase transition. Anti-estrogens TAM or ICI reduce cell proliferation by inducing G 1 phase-specific growth arrest. In AE-resistant breast cancers, expression and function of cyclin D1 and also cyclin E, c-Myc or cyclin dependant kinase (CDK) inhibitors p21 waf1 and p27 kip1 are frequently altered. 4, 6, 23 Cyclin D1 is overexpressed in 50% of breast cancers and overexpression of cyclin D1 in cellular models confers resistance to tamoxifen. This resistance is due to different mechanisms such as constitutive action of ERα, modification of coregulators activity, increased HER2 signaling and transcription factors activity such as SP1/AP1. AE can either downregulate cell cycle activators and/or upregulate inhibitors such as p21 waf1 or p27 kip1
. Modulation of expression of these targets prevents the growth cells confers estrogen independency and TAM and ICI resistance. Similarly, cells resistant to TAM present an increased expression of AKT.
Another pathway recently associated with AE-resistance involves the G-protein coupled receptor GPR30, a membranebound estrogen receptor that mediates rapid nongenomic effects of estrogen. 18, 19 Interestingly, TAM and ICI were found to be able to bind GPR30, resulting in cell proliferation through EGFR-MAPK or cAMP signaling pathways, mimicking, rather than antagonizing, estrogen actions. These results suggest an important role for GPR30 receptor signaling in the development of AE resistance. All these signaling pathways described here are integrated at the nuclear level to regulate specific gene expression programs.
Transcriptional Mechanisms in AE-Resistance
In breast cancer cells, ERα not only controls gene expression indirectly via nongenomic activation of various signaling cascades as discussed above, but mostly acts directly through genomic regulation of gene transcription. E2-induced ERα gene regulation involves chromatin binding through estrogen-responsive elements (ERE) or by a tethering mechanism involving other transcription factors such as AP-1, Sp1 or NFκB and the binding of coactivator proteins allowing the recruitment of the transcriptional machinery. Increased AP-1 and NFκB transcriptional activity is known to be associated with endocrine resistance. Alterations in coregulatory proteins such as overexpression or posttranslational modifications have also been associated with aberrant transcriptional programs and endocrine resistance. As previously mentioned, CARM1 phosphorylation by cAMP/PKA pathway potentiates ligand-independent activation of ERα. MED1, a subunit of mediator coactivator complex acting as a link between transcription factors and RNA polymerase II, was shown to be upregulated and phosphorylated by persistent ERK pathway activation during acquired TAM-resistance development. 20 Overexpression of MED1 is associated with aggressiveness and decrease of AE-response failure. Mutation of ERα and expression of a truncated variant named ERα36 have also been reported in references 8 and 9. ERα activity is not only regulated by its ligand but also by posttranslational modifications such as phosphorylation. ERα phosphorylation is known to be associated with resistance to tamoxifen. 10, 11 For example, phosphorylation of serine residues S118, S167 and S305 influence interaction with other proteins such as transcriptional coregulators and reduce sensitivity to tamoxifen in vitro. Only S305 phosphorylation seems to have clinical relevance 12, 13 and is partly responsible for AE-resistance. This modification leads to an altered orientation between ERα and the coactivator SRC-1, which renders the transcription complex active in the presence of tamoxifen.
14 Likewise, overexpression and/or posttranslational modifications can occur on coregulators that modulate interactions with nuclear receptors and thereby their activity. For example, phosphorylation of the methyltransferase CARM1 allows it to bind ERα directly and mediate activation of ERα in a ligand-independent manner. 15 The constitutive interaction of theses proteins observed in tamoxifen resistance context preserves ERα transcriptional activity even in the presence of TAM.
These posttranslational modifications ensue from activation of different signaling pathways and the corresponding increased activity of signal transducing kinases. Overexpression of HER2 (ERBB2), a member of the epidermal growth factor receptor family, is one of the best described mechanisms of AE-resistance. 4, 5, 16 Near to 30% of breast cancers show HER2 alterations which are associated with poor prognosis. Furthermore, EGFR and IGFR are also known to be involved in AE-resistance and all the pathways, such as PI3K/AKT and MAPK/ERK, acting downstream from theses membrane receptors are responsible for the phosphorylation of ERα and its coregulators. PI3K/ AKT signaling pathway is involved in proliferation, survival, growth and motility and also appears to have an important role in the development of resistance in antitumor therapies.
17 Indeed, it has been shown that AKT overexpression in breast cancer An emerging class of transcription factors, defined as pioneer factors, dictates global chromatin structure and directs recruitment of transcription factors to establish lineage-specific transcriptional programs. 37, 38 The
is required for tamoxifen action in both AE-sensitive and AE-resistant contexts. 39 Similar results have been obtained by the same team in primary breast cancers from patients with different clinical outcome. Differential ERα-binding program observed in tumors was due to the redistribution of FOXA1 binding events correlating with the outcome of the patients. 40 PBX1, another pioneer factor, has been recently described as a driver of ERα-mediated transcriptional response in breast cancer cells capable of guiding ERα recruitment to a specific subset of sites. PBX1 transcriptional program is associated with poor outcome in breast cancer patients and its expression is associated with a high risk of metastasis. 41 Although a link with AE-resistance has not been directly established, PBX1 could have an important role in the development of drug resistance in breast cancer. Taken together, these data suggest that PBX1 and FOXA1 could be used as prognostic biomarkers and therapeutic targets.
DNA methylation at the promoter regions is a known important feature in cancer development. Hypermethylation of CpG islands in tumor suppressor gene promoters often leads to inactivation of transcription by altering chromatin conformation and local histone marks. Hypomethylation of oncogene promoters confers resistance to endocrine therapies. Indeed, comparison of gene expression and DNA methylation profiles as biomarkers and therapeutics in the treatment of breast cancer, a better characterization of their role in the pathogenesis of breast cancer is highly warranted.
Epigenetic Modifications Associated with AE-Resistance
Recent technological advances in genomic studies have enabled a rapid increase in our understanding of transcriptional mechanisms. Chromatin structure, which control DNA accessibility, generally has a repressive effect on the recruitment of the transcriptional machinery, including transcription factors such as ERα. The chromatin structure can be rendered more permissive to transcription by the 3 following mechanisms: ATP-dependent chromatin remodeling, modification of nucleosome composition by replacement of canonical histones with histone variants and modification of epigenetic marks. For example, the histone variant H2A.Z is clearly implicated in the regulation of ERα-dependent genes and in the stabilization of nucleosomes at the promoter, an essential step in the recruitment of the transcriptional machinery. 33 Furthermore, H2A.Z overexpression increases growth in a cancer cell model and is associated with poor prognosis for breast tumors, suggesting that it could be an important factor in the establishment of endocrine resistance. 34, 35 The alteration of epigenetic marks is another mechanism influencing transcription by posttranslational modifications of histones. Recent studies have shown that histone methylation and acetylation are involved in carcinogenesis and could be biomarkers of recurrent breast cancers. It has recently shown that methylation of histone H3 lysine 27 (H3K27) imposes ligand-dependent regulation of the ERα-dependent apoptotic response via Bcl-2 in breast cancer. 36 In hormone responsive breast cancer cells, the histone demethylase JMJD3 and ERα act together to remove the repressive H3K27me3 mark from enhancer region, allowing gene activation and antiapoptotic effect of Bcl-2. In AE-resistant cells, this pathway is altered and Bcl-2 is expressed constitutively due to a lack of H3K27 methylation caused by inactivation of the methyltransferase EZH2.
inhibitory effects of AE. For example, the commonly aberrant c-Myc expression observed in breast cancers can contribute to AE resistance by decreasing p21 waf1 expression and HER2 overexpression reduces p27 kip1 level. Furthermore posttranslational modification of p21 waf1 and p27 kip1 via AKT-dependent phosphorylation leads to cytoplasmic relocation and loss of their inhibitor role on cyclin/CDK complexes. AE treatments can also induce cellular stress response and apoptosis in breast cancer. At the transcriptional level, poor response to tamoxifen is associated with increase of survival gene expression such as the antiapoptotic protein Bcl2 and decrease of death factors such as the proapoptotic molecules BAK, BIK or caspases. This involves a direct action of ERα on transcription and/or PI3K/AKT, HER2 and NFκB signaling pathways. In AE-resistant cell lines, Bcl2, which is overexpressed, presents a constitutive activation and thus alters apoptotic pathway.
Recent advances in RNA research have allowed the identification of miRNAs, a new class of small noncoding regulatory RNAs. MiRNAs are involved in the regulation of gene expression at the posttranscriptional level, silencing target genes after binding to the 3' untranslated region (UTR) of mRNA. In breast cancers, miRNAs expression is often dysregulated and an aberrant miRNAs expression signature is associated with endocrine resistance. 24, 25 Several miRNAs are known to be involved in resistance and target genes implicated in cell cycle/apoptosis or in signaling pathways. For example miR-221, miR-222 and miR-206 are known to target ERα and let-7 targets the truncated variant ERα36. 26, 27 Genes involved in cell cycle (CCND1, p27 kip1 ) and apoptosis (BCL2) seem to be direct targets of miR-15a/16 and miR-221/222, whose expression is often altered in breast cancers overexpressing HER2. 28, 29 PTEN, a known tumor suppressor often found mutated in a large number of cancers, is a target of miR-301 and miR-101 and decreased PTEN expression allows AKT pathway activation. 30, 31 Increased expression of miR-26a and miR-181a inhibits progesterone receptor PgR expression, a key actor in estrogen signaling. 32 Because miRNAs have the potential to deliver clear clinical benefits This suggests that for optimal treatment it is important to target both pathways, i.e., ERα signaling and HER2 signaling, to have a stronger growth inhibition response. Moreover, overexpression of the methyltransferase EZH2 is a marker of advanced and metastatic stages in prostate and breast cancers. Elevated AKT levels are associated with low levels of H3K27me3. This effect is due to direct interaction of EZH2 with AKT. Phosphorylation of EZH2 by AKT inhibits its interaction with histone H3 and decreases H3K27me3 expression causing target gene reactivation. As described above, we have previously shown that in AE-resistant cancer cells, Bcl-2 expression is altered due to the demethylation of H3K27me3, caused by inactivation of the methyltransferase EZH2. 36 This result presents the first evidence of a connection between signaling pathways and genomic events in an endocrine resistance context.
Conclusion
Although the implication of multiple signaling pathways in the acquisition of AE-resistance have been well described, the crosstalk driving downstream events at the transcriptional and chromatin level remain poorly understood. In this review, we depict the complexity of the mechanisms involved in endocrine resistance (Fig. 1) , bringing to light recent results obtained from epigenetic and genomic studies. The use and development of genome-wide approaches will extend our understanding on how perturbation of transcriptional mechanisms and epigenetic modifications may influence the response of breast cancer toward AE therapies.
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Integration of Signaling Pathways to Chromatin Events in AE-Resistance
ERα can be activated by signaling pathways involving growth factors, such as EGF, in the absence of estrogen in breast cancer cells. Lupien et al. have shown that EGF treatment induces a transcriptional program distinct from estrogen treatment. 45 This different ERα cistrome specifically regulates genes found overexpressed in HER2-positive human breast cancers, explaining endocrine therapy resistance observed in ERα-positive breast cancers that overexpress HER2. in estrogen-responsive breast cancer cells and AE-resistant derivatives have shown significant changes in downstream ERα target gene networks contributing to the acquisition of resistance. 42 For example, the PTEN promoter is methylated by increased expression of the DNA methyltransferase DNMT1 in TAM-resistant breast cancer cells. This results in the downregulation of PTEN expression leading to increased AKT phosphorylation. 43 DNA methyltransferase 3B (DNMT3B) is recruited by the transcription factor Twist to the ERα promoter in TAM-resistant cells, inducing ERα promoter hypermethylation and reducing ERα expression. 44 This example illustrates one of the mechanisms causing loss of ERα activity often observed in breast cancers which could Figure 1 . Molecular mechanisms in endocrine resistance. De novo resistance in breast cancer is characterized by loss of ERα expression and CYP2D6 deficiency that reduces tamoxifen to be metabolized into the active metabolite 4-hydroxytamoxifen (OH-TAM). Acquired resistance to AE involves alteration in signal transduction mediated by increased expression and/or activity of receptor tyrosine kinase family members such as HER2, EGFR and IGFR or G coupled-protein receptor GPR30. These events result in aberrant activation of downstream signaling pathways including cAMP/PKA, MAPK/ERK and PI3K/AKT. These activated kinases drive the phosphorylation of ERα and some of its coactivators, such as AIB1, MED1 or CARM1, which are responsible for constitutive ERα-mediated transcription and inhibition of AE effects on proliferation and apoptosis gene targets. Dysregulation of miRNA transcription is also involved in AE resistance. At the genomic level, substitution of canonical histones with the histone variant H2A.Z, or modification of DNA and histone methylation levels, exert an important influence on gene transcription. Pioneer factors FOXA1 and PBX1 drive ERα recruitment to specific genomic sites. In AE-resistance, the binding profile of these factors is often altered, resulting in aberrant ERα cistrome and gene expression program.
